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Abstract Large sectors of the Antarctic ice sheet are vulnerable to increases in melting at the bases of
fringing ice shelves, with melt rates depending on ocean temperatures and circulations in the sub-ice cav-
ities. Here we analyze an oceanographic data set obtained in austral summer 2009 in Pine Island Bay, which
is bounded in the east by the calving front of the Amundsen Sea’s fast-moving Pine Island Ice Shelf. The
upper-ocean velocity field in the ice-free bay was dominated by a 700 m deep and 50 km wide gyre circulat-
ing 1.5 Sv of water clockwise around the bay. Ice cavity water was observed in a surface-intensified and
southward-intensified boundary current along the ice front, and in a small ice cove at the end of the south-
ern shear margin of the ice shelf. Repeat measurements in the cove reveal persistent cavity water export of
 0.25 Sv during 10 days of sampling. Vertical velocities in the cove above the ice draft were dominated by
buoyancy-frequency oscillations with amplitudes of several cm/s but without significant net upwelling. In
combination with the seawater properties, this observation indicates that much of the upwelling occurs
within fractured ice near the cove, potentially contributing to weakening the ice shelf shear margin.
1. Introduction
The Antarctic Ice Sheet is vulnerable to changes in ocean forcing of its fringing ice shelves [Joughin et al.,
2012]. Grounded ice sheets are dynamic entities, mainly gaining mass from precipitation and losing it by
export to the sea in embedded glaciers (ice streams). Seaward of the grounding zones where those ice
streams lose contact with the seabed, they become floating ice shelves which terminate in iceberg calving
fronts. Some of the cavities underneath floating ice shelves are known to host overturning circulations fed
by comparatively warm Circumpolar Deep Water (CDW), which flows at depth toward the back of the cav-
ities. The overturning is driven by rapid melting near deep grounding lines, where cooler, fresher, and less
dense mixtures of CDW and meltwater are produced. The buoyant waters rise and flow toward the calving
fronts, sculpting networks of channels into the ice [e.g., Stanton et al., 2013; Dutrieux et al., 2013]. In regions
where exported ice cavity water (ICW) retains sufficient buoyancy at the calving fronts, it rises toward and
sometimes reaches the sea surface [e.g., Mankoff et al., 2012].
The mass balance of Antarctic glaciers and ice streams is important because the ice sheet provides land stor-
age for immense amounts of water that can significantly affect global sea level [Church et al., 2001]. While the
mass balance of any given glacier is complex, evidence has been mounting for links between stronger ocean
circulation coupled with increased subsurface temperatures, increased melting of ice shelves, and the thinning
and acceleration of their incoming ice streams [Joughin et al., 2012]. The West Antarctic Ice Sheet is of particu-
lar interest because much of its ice rests on a bed grounded below sea level and deepening landward, a setup
that can lead to runaway ice sheet retreat as melting weakens the buttressing provided by its ice shelves
[Schoof, 2007]. Considerable attention has been directed toward its Pine Island Glacier (PIG), a fast-moving ice
stream that evolves into the Pine Island glacier Ice Shelf (PIIS), which terminates in Pine Island Bay (PIB) in the
southeast Amundsen sea [Jacobs et al., 1996; Rignot, 2008; Jenkins et al., 2010; Joughin et al., 2010; Bindschadler
et al., 2011]. Based primarily on ocean measurements from 1994 through 2009 along the PIIS calving front,
changes of 50% in meltwater production have been inferred [Jacobs et al., 2011; Dutrieux et al., 2014]. Addi-
tionally, in summer 2009, a striking cyclonic gyre was observed to occupy a large fraction of the surface area
of the ice-free PIB [Jacobs et al., 2011; Mankoff et al., 2012; Tortell et al., 2012].
The primary objective of the present work is to obtain a better understanding of the seawater flows to and
from the cavity beneath the Pine Island Ice Shelf by also including many of the 2009 CTD and ADCP
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measurements (section 2), not utilized in the earlier studies. Away from the immediate vicinity of the PIG calv-
ing front, the horizontal circulation in PIB was dominated by a geostrophic gyre recirculating 1.5 Sv of water
around the bay (section 3). Near the southeast corner of PIB, the recirculating water in the gyre was joined by
recently formed ICW flowing out of a small cove near the southern end of the calving front (section 4) and by
a southward coastal boundary current carrying the export flux from the remainder of the front (section 5). The
manuscript concludes with a discussion of the main results (section 6).
2. Data and Methods
From 16 to 31 January 2009, the R/V Nathaniel B. Palmer carried out an oceanographic survey of PIB, with
CTD/O2/LADCP (Lowered Acoustic Doppler Current Profiler) stations concentrated along transects near the
calving front of the PIIS, with the closest line of stations taken 500 m from the ice (Figure 1). Near-
continuous upper-ocean velocity measurements were also obtained along the cruise track using a ship-
mounted ADCP (SADCP) system. The only operating SADCP, a Teledyne/RDI 150 kHz instrument, yielded
good data spanning the depth range between 30 and 300 m. The profiling platform consisted of a SeaBird
91 CTD mounted on a frame together with a rosette and a Teledyne/RDI Workhorse 300 kHz ADCP pointing
downward. The CTD was equipped with a sensor for pressure and dual sensors for temperature, conductiv-
ity, and oxygen concentration, monitored by water sampling and calibrated before and after the cruise. The
CTD/O2 data were processed, edited, and reported to the National Oceanographic Data Center according to
standard procedures to accuracies of 0.002 in salinity, 0.002C in temperature, and 2 lmol kg21 in dis-
solved oxygen. The LADCP was programmed to collect single-ping velocity ‘‘ensembles’’ in beam coordi-
nates. A bin length of 8 m was chosen, the blanking distance set to zero, and the data from the first bin
were discarded before processing. In order to minimize the effects of previous-ping interference from the
seabed, alternating ping intervals of 1.5 and 2 s were used. Full-depth profiles of horizontal velocity were
derived with version IX_9 of the LDEO implementation of the velocity inversion method [Visbeck, 2002],
accurate to 3 cm s21 under typical conditions [Thurnherr, 2010]. No detiding was applied to the velocity
Figure 1. Observations in Pine Island Bay (inset), including topography (gray-shaded contours; Nitsche et al. [2007]), Pine Island Glacier calving front (red line), near-surface velocity field
(green arrows), radial gyre transport above 700m (red labels), and potential density anomaly between 500 and 550 m (colored bullets). Arrows show SADCP velocities averaged between
30 and 300m and gridded into 3 3 3 km horizontal boxes. The large blue circle indicates the approximate extent of the gyre dominating the upper-ocean circulation in PIB, with the
blue star marking its center. Numbered CTD station bullets are discussed in the text; ‘‘R’’ labels indicate repeat stations.
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data used here. Vertical-velocity profiles were derived from the same data by subtracting the vertical pack-
age motion, determined from the CTD pressure time series, from the ADCP-derived vertical velocity meas-
urements to an accuracy of 2–3 mm s21 [Thurnherr, 2011]. Since most of the profiles in the present data set
were collected with little instrument motion due to surface waves, the stated accuracies of the LADCP
velocities are likely conservative.
3. A Gyre in Pine Island Bay
During late January 2009, the upper-ocean velocity field in PIB was dominated by a coherent closed
cyclonic gyre centered around 7452.50S 102450W (Figure 1) [see also Jacobs et al., 2011, Figure 2; Mankoff
et al., 2012, Figure 4; Tortell et al., 2012, Figure 13]. Earlier evidence for a similar gyre is also apparent in a
1994 CTD data set from PIB [Hellmer et al., 1998, Figure 2]. Schodlok et al. [2012] also discuss a cyclonic gyre
that appears in their modeled circulation of PIB. However, their definition of PIB covers the full continental
shelf area from 100 to 115W. What they call the ‘‘main part’’ of their gyre is centered between 72 and
73S, i.e., several hundred km to the north of our study region. The PIB gyre discussed here is what Schodlok
et al. [2012] refer to as ‘‘the smaller gyre just outside the PIG cavity.’’
Both the horizontal velocities near the sea surface and the density field in the lower part of the gyre suggest
coherent rotation extending out to a radial distance of 25 km from the center (Figure 1). At greater distances,
the horizontal circulation appears less ‘‘gyre like,’’ with horizontal density gradients unaligned with the radial
gyre direction, in particular near the ice shelf front. The density data in Figure 2 support these visual inferences,
as density decreases nearly uniformly from the gyre center out to25 km, where it levels off. Waters with anom-
alously low densities near 500 m were observed close to the ice front south of 75S (grey squares in Figure 2a),
inside a small ice cove (vertical bar), and near the southern edge of the bay where the gyre was topographically
constrained (grey triangles). The gyre’s vertical extent was well defined from the surface to 700 m (Figure 2b).
Above 50 m, the density was affected by surface effects and below 700 m the density field was horizontally
nearly uniform, indicating weak geostrophic vertical shear below that depth. The LADCP data also show
weak vertical shear and small horizontal velocities below 700 m everywhere in PIB—3.6 cm s21 rms speed
in the profiles within the large blue circle—implying that a level of no motion at or below 700 m is
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Figure 2. PIB gyre density structure. (a) Mean potential density between 500 and 550 m (subset of colored bullets in Figure 1) versus distance from the gyre hub (star in Figure 1). Anom-
alously low densities shown in grey are affected either by topography constraining the gyre (#94 and #95) or by outflow of ice-cavity water (remaining samples); see text for details. Pro-
files west of 103300W and north of 74350S are considered outside of PIB proper and not shown in this figure. (b) Potential-density profiles in the gyre core, corresponding to black
bullets at radial distance <22 km in Figure 2a.
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adequate to estimate geostrophic velocities in the upper ocean. Consistent with this inference, geostrophic
calculations of the azimuthal gyre flow in the upper ocean agree well with SADCP measurements (not
shown). Calculations of cyclonic transport above 700 m between the gyre center and its nominal perimeter
at 25 km yield approximately uniform estimates along its circumference (red labels in Figure 1). The LADCP
velocities below 700 m are not random, however. Seven out of the nine profiles within the nominal gyre
boundary show eastward flow (i.e., toward the ice-shelf cavity) in the vertically averaged velocities below
700 m whereas there is no discernible pattern in the corresponding meridional velocities (not shown).
4. Horizontal and Vertical Velocities in a Small Ice Cove
PIB is bounded in the east by the calving front of the PIIS (red line in Figure 1). Based on CTD profiles near
the ice front from the same data set analyzed here, Jacobs et al. [2011] infer an overturning circulation in
the ice cavity underneath the PIIS, fed by an inflow of dense, warm, oxygen-poor CDW, and yielding a cooler
and less salty return mixture of less dense CDW and meltwater, which we are calling ICW. While evidence
for ICW export can be found along the entire southern half of the ice front (Figure 3 and section 5), upper-
ocean velocities directed away from the ice were only measured near a small cove at the southern end of
the PIIS front (‘‘R3’’ in Figures 1 and 3), where Jacobs et al. [2011] found essentially undiluted ICW. SADCP
data in and near this cove, nearly surrounded by glacial ice, show persistent westward flow through its 3.6
km wide opening to PIB.
Outflow from the cove can be investigated in greater detail by using 26 LADCP/CTD profiles taken there
(Figure 4): profile #16 on 18 January, 24 ‘‘yo-yo’’ profiles (#58–#81) at hourly intervals on 24–25 January, and
#93 on 28 January. Ensemble averages constructed from those cove profiles (heavy lines) indicate that the
outflow likely persisted over that
10 day interval, extended from the
sea surface down to  500 m, and
was associated with vertical veloc-
ities of both signs. The full water-
column average along-outflow and
vertical velocities in the ice cove
were 10.56 1.3 cm s21 and
0.06 0.7 cm s21, respectively, indi-
cating approximately steady net
outflow during the measurement
period. (For comparison, version
2.01 of the Circum-Antarctic Tidal
Simulation model of Padman et al.
[2002] predicts 0.6 cm s21 rms bar-
otropic tidal speed for the PIB sta-
tions shown in Figure 1.) Above the
draft of the surrounding ice, the
amount of ICW exported from the
cove can be estimated by
evaluating
QxðzdÞ5
ðzd
0
uðzÞlðzÞdz ; (1)
where zd, u(z), and l(z) denote ice
draft (with z increasing downward),
lateral average outflow velocity,
and width of the cove opening,
respectively. Assuming steep ice
walls below the sea surface [l(z) 
3.6 km], export fluxes as a function
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Figure 3. Circulation and upper-ocean oxygen concentration near the front of the
Pine Island Ice Shelf (red line). Station bullets are shaded according to the mean oxy-
gen concentration between the 27.4 and 27.6 isopycnal surfaces (100–500 m) and
labeled as in Figure 1. The blue line shows the nominal extent of the PIB gyre (25 km
radius). Green arrows show the vertically averaged SADCP velocities between 30 and
300 m, without spatial gridding. Red numbers show integrated geostrophic transports
above 700 m between the gyre center (#99, Figure 1) and the stations closest to the
labels; repeat stations have multiple values.
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of ice draft were calculated from the mean yo-yo, and from the two flanking profiles. Using 200–500 m as
the likely range of ice drafts near the cove [Mankoff et al., 2012] yields transport estimates ranging between
0.15 and 0.35 Sv for ICW export from the cove.
In contrast to the weak barotropic variability on the time scales resolved by our survey, both horizontal and
vertical velocities in the ice cove displayed baroclinic temporal variability with amplitudes of several cm s21
and vertical scales ranging from 10 s to 100 s of meters (grey profiles in Figure 4). The hourly yo-yo repeat
profiles (insets in the figure) reveal distinct time scales for the horizontal and vertical flow variability. Com-
pared to the 1 h sampling interval of the yo-yo profiles, the long time scale of the horizontal outflow veloc-
ity variability is evidenced by the slow vertical phase propagation in the waterfall plot. On the other hand,
little apparent coherence between subsequent hourly vertical-velocity samples suggests that vertical-
velocity variability in the ice cove is either associated with time scales shorter than 1 h or dominated by
measurement noise. In order to distinguish between these possibilities, the 24 hourly yo-yo profiles were
used to estimate the vertical-velocity autocorrelation
RðsÞ5 wðt; zÞ2 < wðzÞ >< wðt1s; zÞ2 < wðzÞ 
rwðzÞ2
; (2)
where w(t, z) and w(t1 s, z) are the two vertical-velocity measurements from depth z during each down-
upcast sequence, s is the time lag between the two samples, rw(z) is the standard deviation of vertical
velocity calculated from all 24 yo-yo casts, and <> indicates ensemble averaging. Figure 5 shows the result-
ing vertical-velocity autocorrelation for three different depth ranges (depth is correlated with time lag s
because of the down-upcast sampling pattern). Since the three layer-averaged autocorrelations are mutu-
ally consistent, indicating strong negative correlations peaking at half a buoyancy period, we conclude that
the vertical velocity measurements taken in the ice cove during the 24 h yo-yo repeat station are not domi-
nated by noise, but by a process with a time scale close to the buoyancy period s  32 min. As an aside, we
note that the high-frequency variability in both the horizontal and vertical velocity ice cove measurements
is consistent with internal gravity waves. In particular, observations and theoretical considerations suggest
that low-frequency (near-inertial) waves typically dominate the temporal variability of horizontal velocity,
whereas the vertical velocities are dominated by high-frequency (near-N) waves [Desaubies, 1975]. Both the
amplitudes (several cm/s) and vertical scales (tens to hundreds of meters) of the high-frequency variability
are also consistent with the large base of ‘‘finescale’’ observations that are typically ascribed to internal
waves [e.g., Kunze et al., 2006].
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Figure 4. LADCP velocities from the ice cove profiles #16, #58–#81, and #93 (‘‘R3’’ in Figures 1 and 3). Main panels show both ensemble-
average (heavy black) and individual profiles (grey); profiles #16 and #93, not part of the 24 h yo-yo station, are marked with bullets. Insets
show waterfall plots of the hourly yo-yo profiles (#58–#81). (a) Horizontal velocities projected onto the along-outflow direction (280 true).
(b) Downcast vertical velocities.
Journal of Geophysical Research: Oceans 10.1002/2013JC009307
THURNHERR ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 1758
5. Circulation and Hydrography Along the Ice Front
Jacobs et al. [2011] infer that export of ICW from the ice cavity during the cruise took place primarily south
of station #19, with inflow into the cavity north of that station. The SADCP data near the ice front show
weak and variable upper-ocean velocities off the northern part of the calving front and a southward-
increasing along-PIIS flow in the south (Figure 3), as would be expected for a southward flowing boundary
current along the ice, fed by outflow from the PIIS cavity. Geostrophic velocity profiles between station pairs
from two quasi-meridional sections along the ice (Figure 6) show the southward along-ice current along the
entire ice front gradually deepening and strengthening along its path, reaching peak speeds of 30 cm s21
and extending down to  700 m in the southeast corner of PIB. (For comparison, the subsurface ice topog-
raphy near the front is known to be irregular, with typical drafts of 3506 100 m [Mankoff et al., 2012].) The
reasonable agreement between SADCP velocities and the corresponding geostrophic estimates confirm
that a 700m level of no motion is adequate for determining the first-order structure of the along-ice flow,
although uncertainties remain regarding its strength, especially to the north where velocities are low. The
geostrophic estimates imply that transport between the edge of PIB gyre and the ice front increases monot-
onically by about 0.4 Sv southward along the calving front (red numbers in Figure 3). Near the southeast
corner of PIB, both the along-ice boundary current and outflow from the ice cove (section 4) join the south-
westward transport of the PIB gyre. The combined westward flow is topographically constrained along the
southern margin of PIB, where the nominal gyre limit extends into water shallower than 300 m, increasing
the velocities (Figure 1) and steepening the radial density gradients associated with the gyre flow (exempli-
fied in Figure 2 by the anomalously low densities in profiles #94 and #95).
Because of comparatively low dissolved oxygen in CDW, that signature in the upwelled ICW is clearly appa-
rent in the upper-ocean oxygen distribution along the southern half of the PIIS front (Figure 3). CTD profiles
show that its high-temperature and low-oxygen anomalies are limited to depths shallower than 400 m (i.e.,
above the ice draft), whereas horizontal property variability is minimal below 500 m (Figure 7). Except for
profiles in the ice cove (red), all those with meltwater signatures (orange) show vertically stacked
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interleaving layers of ICW and background waters above the ice draft. Ice cove oxygen concentrations
remain uniformly low up to 100 m, i.e., the properties of the entire cove water column were consistent
with ICW except for a top layer presumably altered by surface effects such as air-sea interaction and biologi-
cal processes. ICW in the cove was also anomalously low in density between  400 and 550 m, relative to
background water at the same depths (Figure 7c; see also Figures 1 and 2).
While the distribution of ICW along the PIIS front and the southward strengthening of the along-ice bound-
ary current are consistent with the geostrophic inference of Jacobs et al. [2011] that ICW export is concen-
trated in the southern half of the front, the LADCP-derived cross-ice-edge velocities reveal a more complex
picture with instantaneous flows both toward and away from the ice along the entire front (Figure 8a). The
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strongest cross-frontal velocities (10cm s21) were observed 5.5 km apart in profiles #17 and #18 in two
opposing ‘‘jets’’ located between 400 and 600 m, i.e., just below the ice draft. Comparing the downcast and
upcast profiles on each cast, neither jet changed significantly during the elapsed 30 min. In contrast, veloc-
ity differences exceeding 5 cm s21 would be expected if the variability between profiles #17 and #18 were
due to temporal variability alone (100 min between the upcast sampling of the ‘‘jets’’ in #17 and the down-
cast sampling in profile #18). The lack of similarly enhanced horizontal flow in the same depth range in pro-
file #19, obtained less than 2 h and 6 km from #18 suggests a horizontal scale less than 10 km for the
dynamical feature giving rise to the observed jets. Taken together, we hypothesize that the jets are signa-
tures of a coherent, anticyclonic, submesoscale vortex straddling the ice edge.
Outside this submesoscale vortex, both the horizontal and the vertical velocities from the ice edge show
similar patterns (Figure 8). They are dominated by currents with vertical scales ranging from a few tens to
hundreds of meters. Similar to the velocity observations from the ice cove (section 4), the vertical-velocity
autocorrelation estimated from the ice front profiles is consistent with motions near the buoyancy fre-
quency, whereas horizontal velocity varies on longer time scales (not shown).
6. Discussion
From a subset of the CTD profiles analyzed here, Jacobs et al. [2011] infer a melt-driven overturning circula-
tion in the ice cavity, characterized by deep inflow of warm, salty CDW and shallow outflow of a less dense
melt-modified deep water (ICW). Numerically modeling ocean circulation in the cavity, Payne et al. [2007]
find that buoyant, melt-laden plumes flow along inverted channels in the base of the ice shelf toward the
ice front with the southernmost channel carrying the bulk of the flow. Observational support for their cavity
circulation includes ‘‘three reasonably persistent polynyas’’ coinciding with the locations of modeled out-
flows. Bindschadler et al. [2011] and Mankoff et al. [2012] confirm this inference using additional satellite
images, noting that the southernmost polynya is usually the largest. While there were no small, coastal poly-
nyas in the ice-free Pine Island Bay during January 2009, the ice cove coincided with the location of the
southern polynya. In the velocity data analyzed here, there are no indications for concentrated ICW outflow
near the central and northern polynya sites (near our stations #19 and #55, respectively.)
The partially enclosed setting and persistently strong outflow velocities help to constrain ICW export from the
southern ice cove/polynya site. We take the resulting estimate of 0.256 0.10 Sv as a lower bound for the total
ICW export, since it does not include ICW leakage into PIB along the remainder of the PIIS front. That more dis-
tributed contribution to the ICW export is harder to constrain, but the streamwise strengthening of the south-
ward along-ice boundary current provides an upper bound of0.4 Sv. Taken together, these estimates are
comparable with the 0.4 Sv geostrophic estimate of Jacobs et al. [2011], and both analyses agree that
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Figure 8. LADCP profiles along the PIIS front (station map in Figure 3), with red and blue indicating positive and negative velocities,
respectively; dotted lines distinguish nearby profiles, and profiles #17 and #18 are marked with extraheavy lines. (a) Horizontal velocities
projected individually onto the local cross-frontal direction; positive toward the ice. (b) Downcast vertical velocities.
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exported ICWwas advected away from the ice primarily in the upper ocean along the southern half of the PIIS
front. The exported ICW joined the upper-ocean circulation of Pine Island Bay, dominated in late January
2009 by a cyclonic gyre, whose striking signatures in density, near-surface velocity, and sea-surface tempera-
ture have been noted before [Jacobs et al., 2011; Tortell et al., 2012;Mankoff et al., 2012].
In order to understand the relationship between overturning under the ice shelf and the horizontal circula-
tion in PIB, it is important to know how the gyre and the along-ice boundary current are driven. Buoyancy
forcing by exported ICW is likely, as both the ice-front current and the southward-moving eastern limb of
the gyre flow in the direction expected for buoyancy-driven coastal currents in the southern hemisphere.
Predominant winds from the southeast during the cruise would have enhanced upwelling along the ice
front, providing additional forcing in the same direction. These inferences are consistent with the numerical
model of Heimbach and Losch [2012], which, without any wind forcing, reproduces a cyclonic gyre of 0.4
Sv in PIB, considerably weaker than the 1.5 Sv gyre in our observations. Since PIB is ice covered during
most of the year, and its seawater was relatively warm in the summer of 2009 [Jacobs et al., 2011], a weaker
gyre may be more common.
The 2009 LADCP/CTD data also provide novel insight about ICW upwelling into the near surface layers of
PIB. ICW is generated in the PIIS cavity beneath the ice, but is exported horizontally from the ice cove at
shallower levels and must be continuously replenished. If the lateral ice walls of the cove were impenetra-
ble, the ICW would have to upwell from below the basal ice. For such a setting, the mean vertical velocity in
the cove above the ice draft can be estimated from continuity, i.e.,
wðzdÞAs5QxðzdÞ; (3)
where As5 9 km
2 is the horizontal surface area of the cove, assuming steep ice walls. Applying expressions
1 and 3 to the cove outflow profiles yields vertical velocities increasing monotonically from zero at the sea
surface to 2–4 cm s21 near 500 m (Figure 9). In contrast, the observed mean (i.e., subinertial) vertical velocity
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Figure 9. Vertical velocity in the ice cove. Error bars show the observed mean (as in Figure 4) with standard errors; the dotted lines show
the upwelling required to replenish the water exported horizontally from the ice cove, if the ice walls were impenetrable and if the upwell-
ing was uniform across the cove; see text for details.
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field in the cove shows both upwelling and downwelling layers above 500 m with zero mean and peak
speeds of 1 cm s21 ðw 5 0:0 6 4:5 mm s21Þ, and weaker vertical motion below that depth
ðw 5 20:2 6 1:0 mm s21Þ. From the apparent correlation between mean w and outflow velocities
above 500 m (Figure 4), we interpret these alternating vertical velocity layers as signatures of vertical diver-
gence associated with the vertical structure of the outflow.
From the lack of net upwelling in the vertical velocity measurements, we infer that the ICW exported from
the ice cove was replenished either by upwelling closer to the ice walls than was sampled or primarily by
lateral flows. While our data do not preclude the former possibility, we consider the latter more likely, in par-
ticular because the fractured walls provide open channels for horizontal inflow into the ice cove from many
directions (Figure 10, noting in particular the daylight at the end of one tunnel). Finding no indications in
the property or velocity data for inflow of PIB water into the cove, we hypothesize that the water exported
from the cove was replenished mainly by lateral flow of previously upwelled ICW through the fractured ice-
cove walls. With outflowing ICW 1–2C above freezing, the upwelled water retains sufficient heat to con-
tinue melting the fractured ice and possibly contributes to the weakness of the shear margin of the Pine
Island ice shelf. While the inferences drawn here are based on only two weeks of sampling, the presence of
quasi-persistent polynyas off the two shear margins of the ice shelf suggest that the situation encountered
in summer 2009 may not have been exceptional.
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